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Abstract—Femtocell networks are promising for not only improving the coverage but also 
increasing the capacity of current cellular networks. The interference-limited reality in femtocell 
networks makes interference management (IM) the key to maintaining the quality of service and 
fairness in femtocell networks. Over-the-air signaling is one of the most effective means for fast 
distributed dynamic IM. However, the design of this type of signal is challenging. In this paper, we 
address the challenges and propose an effective solution, referred to as single-tone signaling (STS). 
The proposed STS scheme possesses many highly desirable properties, such as no dedicated resource 
requirement (no system overhead), no near-far effect, no inter-signal interference, and immunity to 
synchronization error. In addition, the proposed STS signal provides a means for high quality 
wideband channel estimation for the use of coordinated techniques, such as coordinated 
beamforming. Based on the proposed STS, two distributed dynamic IM schemes, ON/OFF power 
control and SLNR (signal-to–leakage-plus-noise-ratio)-based transmitter beam coordination, are 
proposed. Simulation results show significant performance improvement as a result of the use of 
STS-based IM schemes.  
Index Terms—Single-tone signaling, interference management, femtocell networks. 
I. INTRODUCTION 
Femtocell networks have been gaining a significant amount of interest for improving coverage and/or 
increasing capacity by higher spatial reuse via cell splitting in modern wireless communication networks [1] 
 [2]. However, due to the unplanned and dense deployment nature and the restricted access property (a user 
may be denied for access to the nearest base station and forced to obtain service from a farther base station 
thereby the receive power from the interferer (non-serving base station) can be much stronger than that 
from its serving base station) of femtocell networks, interference can be so severe such that if not 
effectively managed the potential benefits of femtocell networks may not be fully gained [3]-[10]. Uplink 
interference management in two-tier femtocell networks via power control or interference avoidance is 
studied [3][6][8]. Spectrum allocation between femtocell and macrocell to mitigate interference is studied 
[4][7][9]. A beamforming codebook restriction strategy was proposed to reduce cross-tier interference [5]. 
Insights on interference avoidance in OFDMA femtocells are given [10]. All in all, interference 
management through tighter coordination among neighboring base stations to ensure quality of service 
(QoS) and fairness across cells in femtocell networks thus becomes even more crucial than that in the 
conventional macrocell network. One solution is to divide the resource among neighboring base stations 
(i.e., a base station can only use a part of the total resource). This static resource partitioning is obviously 
not bandwidth efficient [11]. On the other hand, resource can be better utilized by dynamic allocation on an 
on-demand basis.  
Fast signaling between femtocell base stations is crucial for dynamic interference management (IM). 
However, unlike in macrocell networks where base stations and the cellular core network are 
inter-connected via exclusive/leased backhaul through a standard interface (e.g., the X2 interface in LTE 
[12]), direct connection among femtocell base stations may not be practical. A femtocell is typically 
connected to the cellular core network via a third party IP backhaul [13] or an Internet service provider 
(ISP). The delay can be significant and may vary from 10s of msec to 100s of msec. The large and yet 
unpredictable delay makes signaling through femtocell backhaul unsuitable for fast dynamic   
interference management in the case of bursty and delay sensitive applications. Besides the interference 
 among femtocells, the interference of a femtocell network to the macrocell network is also a major factor 
that limits the wide deployment of femtocells. For example, a user who is being served by a macrocell may 
be severely interfered when entering the coverage of a femtocell with restricted access, resulting in 
degraded service. Over-the-air signaling is thus conceivably a better solution to this type of problems 
(where the coordination message is sent to the interfering base stations over the air by the user since the 
base stations that hear the message are the strongest interferers to this user.) by providing a short-term, fast 
interference relief.  
However, over-the-air signaling poses its own unique challenges. First, over-the-air signaling does not 
come for free. It requires considerable precious wireless resource for the reliable transmission of the 
coordination message; second, it requires deep coverage since the target receivers for the coordination 
message are the neighboring base stations instead of the serving base stations unlike most existing 
signaling schemes that are designed only for communicating to the nearest serving base stations. This 
requires the signal to have sufficiently large processing gain and power which also means more resource; 
Third, due to the broadcast nature of over-the-air signaling, conventional random access signaling [14]-[16] 
suffers from interference among signals sent by different users, which is commonly referred to as the  
near-far effect [17]-[19]. Since the target receivers for the current type of application are the neighboring 
base stations, the near-far effect is even more damaging. In today’s cellular systems (e.g., WCDMA and 
LTE), CDMA (Code Division Multiple Access) signaling and its variants are used for random access, such 
as the random access signals used in uplink random access channels (RACHs) either in a CDMA system 
(e.g., WCDMA) or an OFDMA (Orthogonal Frequency Division Multiple Access) system (e.g., LTE) 
[20]-[22]. This signal (RACH) is used by users to request channel resources from its serving base station. 
To minimize the near-far effect, the transmit power must be carefully managed. The user first determines 
the minimum transmit power according to the received signal strength of the downlink pilot signal and 
 gradually increases its transmit power at each failed attempt in order to avoid blanking out other access 
signals from different users within the same cell. This scheme clearly does not apply to the current 
application since the recipients of the coordination message are the neighboring base stations. Maximum 
power is typically required to transmit the coordination message to ensure sufficient coverage which 
inevitably blocks its serving base station from hearing the coordination signals from the users of other cells. 
The main contributions of this paper are (1) to propose and analyzed a single tone over-the-air signaling 
scheme for dynamic inter-cell interference management (IM) in a femtocell network; and (2), to propose 
two IM schemes based on the proposed signaling scheme: an ON/OFF power control scheme and a 
signal-to-leakage-plus-noise-ratio (SLNR)-based transmitter beam coordination scheme. The difference 
between the work in this paper and the related work in the existing literatures is that previous works mainly 
focus on the theoretical analysis, centralized schemes and insights on interference management while this 
paper proposes practical, distributed schemes for IM in femtocell and gives some theoretical results. We 
will focus on the downlink IM scenario in which the interference coordination request message is 
broadcast on the uplink by the user to the interfering base stations. Since the base stations that hear the 
message are the major interferers, only these base stations need to respond to the message by participating 
in the coordination. 
The remainder of this paper is organized as follows. Section II gives a detailed description and an 
analysis of the proposed single-tone signaling scheme. A concrete example of the STS design and the 
performance of STS are given. Section III describes two STS-based IM schemes, ON/OFF power control 
and the SLNR-based transmitter beam coordination. Section IV concludes this paper.  
Notations: ( ) ( ) ( )1 T H, ,−i i i and ( )iE  denote inverse, transpose, conjugate transpose, and expectation, 
respectively. 2i  represents the Frobenius norm. IN  is the N N×  identity matrix. 
 II. SINGLE-TONE SIGNALING 
A. Single-Tone Signaling  
In the proposed single-tone signaling (STS) design, a large fraction, if not all, of the energy in an OFDM 
(Orthogonal Frequency Division Multiplexing) symbol is transmitted on a single OFDM subcarrier. No 
energy is transmitted on any other subcarriers of the current OFDM symbol and no information is 
modulated onto the energized subcarrier (i.e. amplitude and/or phase). The energized subcarrier is referred 
to as the STS signal tone. It is the index of the energized subcarrier that contains information. That is, 
which subcarrier of this OFDM symbol is energized depends on the content of the message that the STS 
signal carries.  
The coordination message carried by STS signal for IM is denoted as m, which can be further represented 
by K information symbols， 1 2( , , ... , )Ku u u=u , where 0 1ku D≤ ≤ −  for 1 k K≤ ≤ , or more precisely, 
1 2
1 2 1( ) ...
K K
K Km D u D u D u D u
− −
−= + + + + .                           (1) 
where ,  1ku k K≤ ≤ , is the index of the energized subcarrier (i.e. the index of the STS signal tone), 
 ( )D S≤  is the total number of subcarriers of an OFDM symbol used for STS transmission, and S  is the 
total number of subcarriers in an OFDM symbol. Without loss of generality, we assume D S=  in this 
paper. Hence K OFDM symbols are needed to transmit the message m, as shown in Fig. 1. 
Note that an STS signal is not to be confused with a frequency hopped signal. In frequency hopping, the 
tone positions/indices are predetermined by a sequence known to both the transmitter and the receiver; the 
tone position itself therefore does not contain any information and the information is modulated onto the 
amplitude and/or phase of the tone via, e.g., QPSK (Quadrature Phase Shift Keying) or QAM (Quadrature 
Amplitude Modulation). While for an STS signal, the tone is not modulated with information. Instead the 
information is embedded in the positions/subcarrier indices of the tones. 
The choice of this type of signal has the following advantages: First of all, unlike the most commonly 
 used CDMA signals for random access [14]-[16], the STS signal does not suffer from the near-far effect 
among STS transmissions from different users. This is because: 1) If some of the STS signal tones from 
different users do happen to be on the same subcarrier, they simply add together like multi-paths (since the 
STS tones are not modulated therefore they share the same waveform and are thus not tone-distinctive) and 
are absorbed by cyclic prefix [23]; 2) If the STS signals from different users are transmitted on different 
subcarriers, they don’t present interference to each other since all the OFDM subcarriers are orthogonal as 
long as the frequency between the transceivers is perfectly synchronized. Indeed, if the frequency offset is 
present in practice between the transceivers, the OFDM subcarriers are no longer orthogonal. However, 
since the tones are not distinctive between STS signals, the tone energy leakage from the neighbor 
subcarriers of different users to the current subcarrier, as a result of non-orthogonality, adds together with 
the tone of the current subcarrier just like multi-paths similar to the case in 1). This is not the case though 
for regular OFDM signals where the information modulated on the subcarriers from the weak users can be 
destroyed by the leakage from the neighboring subcarriers from the strong users, causing near-far effect 
when frequency offset is non-zero. This means that regular OFDM signals under imperfect synchronization 
also suffer from the near-far effect. This is why uplink power control is necessary even for OFDMA 
systems [21][24]. This unique property of STS means that the STS signal tones from different users do not 
interfere with each other. Strong STS signals (from local cell users) will thus not block weak STS signals 
(from neighboring cell users). This property is crucial for this particular application since the target 
receivers of the signal are the neighboring base stations rather than the serving base station.   
Second, an STS signal is a narrow-band constant-profile sinusoidal waveform, therefore, has lower 
peak-to-average power ratio (PAPR) than regular OFDM signals [25]-[28], and allows for a higher power 
amplifier setting and thereby deeper coverage. 
Third, since the transmit energy is concentrated on one single subcarrier of an OFDM symbol, the STS 
 signal tone is much stronger than a regular data tone therefore is easy to be detected by the receivers (the 
interfering base stations) even under strong interference environment. As a result, STS transmission can be 
overlaid with other users’ uplink data transmission. If such a strong tone that reaches a base station 
becomes hard to be detected, this base station will not likely cause significant interference to the sender, i.e., 
the sender (the user) must be out of the interference range of the base station. On the other hand, the 
interference to the uplink data traffic is also concentrated on one subcarrier of an OFDM symbol. This 
isolated interference can be most effectively removed by the data decoder, thereby causing minor impact to 
data decoding since a decoder is most effective in removing isolated erasures/errors. This means that an 
STS signal can be transmitted without designated system resource. Therefore, other users don’t need to 
clear the subcarriers (not transmitting on the subcarriers) for other users’ STS signals in advance. Hence no 
overhead is incurred. This is in contrast to the conventional random access signaling scheme where a 
continuous chunk of the time and frequence resource has to be set aside for random access signaling using, 
for example, PN (Pseudorandom Noise) or ZC (Zadoff-Chu) sequences based on CDMA technology 
[17]-[19],[29].  
Last, the STS signal provides strong wideband pilots/reference signals for accurate channel estimation in 
a TDD (Time Division Duplex) system allowing interference mitigation techniques to be applied for further 
interference minimization. This is because the STS tones are not information-modulated, they can be 
served as pilots/reference signals for channel estimation. The STS signal tones are strong (carries the whole 
OFDM symbol energy), therefore the high quality of the channel estimate. The STS signal tones are spread 
across the whole band, therefore, the wideband property of the channel estimate. We will see the 
application in Section III. 
 Despite the advantages of STS signal, however, STS tones can also be prone to errors due to fading 
(falsely detected tones or missed detection of tones). Furthermore, even under perfect detection, i.e., no 
 falsely detected tones or missed tones, simultaneous transmissions of STS signals from multiple users may 
confuse the receiver due to the indistinctive nature of the STS tones. For example, if more than one STS 
tones from more than one users are detected in one OFDM symbol, the receiver (i.e., the base station) will 
not be able to distinguish the STS tones from different STS signals sent by different users due to the fact 
that STS tones are not information-modulated as earlier stated, causing ambiguity at the receiver. For the 
example in Fig. 2, the receiver may interpret one of the signals as [ ]1 42 3 ... K Tu uv v u , where 
[ ]1 2 ... K Tu u u  and [ ]1 2 ... K Tv v v  are actually the original STS signals from user 1 and user 2, 
respectively. The number of such possible combinations is KG  where G  is the number of simultaneous 
transmitted STS signals ( 2G =  in Fig. 2). That is, although the tone-indistinctive property of the STS 
prevents inter-STS signal tone interference as discussed in the previous statement, it results in ambiguity at 
the receiver.  
 In addition, since the target receivers of the STS signal are multiple different neighboring femtocell base 
stations that may not be perfectly synchronized, the frequency offset between the transmitter and receiver 
may cause the received STS tones shift to different subcarriers resulting in a different STS signal.  
 Hence it is necessary to provide the STS signal with an ambiguity resolution capability and a certain 
degree of error protection. We therefore employ a special transform matrix in Galois field to transform the 
original non-binary information symbols [ ]1 2 ... TKu u u=u  into a code word [ ]1 2 ... TKc c c=c  
with code rate ( ),N K , where N K≥  and 0 1nc D≤ ≤ −  for 1 n N≤ ≤ . Let α  be a primitive number in 
Galois field, GF(D), the K information symbols [ ]1 2 ... TKu u u=u  are encoded into N coded symbols 
via the following transformation: 
0 0 0
TT T⎡ ⎤= ⎣ ⎦c Ζ u "                   (2) 
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The zero element before Tu  in (2) is inserted on purpose for frequency error protection as will be 
explained later. Clearly, 0 1nc D≤ ≤ −  for 1 n N≤ ≤ . It can be shown that the resulting coded STS signal 
[ ]1 2 ... TNc c c=c achieves the largest possible code minimum distance for any linear code with the 
same encoder input and output block lengths (or maximum distance separable).  
Proposition 1: The coded STS signal is maximum distance separable. 
Proof: From (2) each code symbol of code word c can be written as 
1( 1)
1
11 1( 1) ( 1)
1
,   1
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n k
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                 (4) 
Since a polynomial of order at most 1K −  can have at most 1K −  zeros, the number of non-zero code 
symbols in [ ]1 2 ... TNc c c=c  is thus no less than 1N K− + . This means that the minimum distance 
of c is at least 
 min 1d N K≥ − +   (5) 
However, by the Singleton bound, the minimum distance for any linear code also satisfies 
  min 1d N K≤ − +  (6)       
It can be readily observed from (5) and (6) that the minimum distance of c must be 
 min 1d N K= − +  (7)        
That is, c achieves the largest possible code minimum distance for any linear code. We then conclude that 
the STS signal is maximum distance separable. ? 
 Like any other maximum distance separable code, the coded STS signal can correct any combination of 
false tone detections and missed tone detections as long as [30]  
 2 N Kε ν+ ≤ −   (8)  
where ε  is the number of false tone detections and ν  is the number of missed tone detections. The 
benefit of the maximum distance separable property of the STS signal will be seen in the following 
discussions.  
 The value of the code symbol ( nc , 1 n N≤ ≤ ) corresponds to the index of the sub-carrier on which 
energy is transmitted. That is, only one tone is energized per OFDM symbol, and the index of the tone is 
dependent on the value of the code symbol. Either all or partial of the total (maximum) energy in an OFDM 
symbol is transmitted on a single subcarrier depending on the desired coverage range of the coordination 
scheme. Fig. 3 shows an example of the transmission of the coded STS signal. We will show in the 
following that the coded STS signals from different users can be disambiguated at the receiver (i.e., the 
interfering base station) such that STS tone sequences, such as [ ]1 42 3 ... Nc cd cd  or any 
combination of such, can be identified as invalid sequences (which does not correspond to a valid STS 
signal), where [ ]1 2 ... Nc c c  and [ ]1 2 ... Nd d d  are the original coded STS signals from user 1 
and user 2, respectively. 
B. STS Signal Processing at the Receiver 
 STS signal tone detection is the first step of STS signal processing at the receiver and can be done by 
simply looking for a subcarrier with significantly higher energy than its neighbors. After the detection of 
STS tones, the receiver obtains a set of subcarrier indices on which STS tones are detected on every OFDM 
symbol with certain false detection tones as well as missed detection tones. By applying, for example, 
maximum likelihood decoding, the receiver is able to recover the original symbols. 
In the presence of multiple STS signals, the STS signals from different users may overlay on top of each 
 other causing potential ambiguity at a receiver (cf., Fig. 3). Indeed, G  STS signals with code rate (N, K) 
can coexist without causing decoding ambiguity as long as the inequality, 
NK
G
⎡ ⎤≤ ⎢ ⎥⎢ ⎥ , is satisfied. This 
important property can be formally stated by the following proposition:  
Proposition 2: Assume G ( )KG D≤  distinctive STS signals coded on GF(D) with code rate ( , )N K , 
N K≥ ,  are simultaneously received. Under perfect tone detection, all G coded STS signals can be 
decoded to the original information symbols without ambiguity, if  
 
NK
G
⎡ ⎤≤ ⎢ ⎥⎢ ⎥  (9) 
is satisfied. 
Proof: Consider G ( )KG D≤ distinctive STS signals coded with rate ( , )N K  on GF(D) are 
simultaneously received on N OFDM symbols, free of tone detection error. Now arbitrarily select N 
number of the detected tones, each from one of the N different OFDM symbols. We maintain that 
 1) There are at least 
N
G
⎡ ⎤⎢ ⎥⎢ ⎥  STS tones out of the N selected tones coming from the same STS signal 
among the total number of G STS signals. This is the direct outcome of the pigeonhole principle [31]. 
 2) For an STS signal with a code rate of ( , )N K , a minimum number of K STS tones are sufficient to 
distinguish one STS signal from another. This is sustained by the fact from proposition 1 that the coded 
STS signals are maximum distance separable. Indeed, since the minimum distance between STS signals is 
min 1d N K= − +  (cf., (7)), i.e., the number of different tones between any two STS signals is at least mind , 
or the number of the same tones between any two STS signals is at most min 1N d K− = − . Therefore a 
minimum number of K STS tones are sufficient to determine an STS signal.  
From 1) and 2), it is clear that among the N STS tones, each selected from the N individual received 
OFDM symbols, there are at least 
N
G
⎡ ⎤⎢ ⎥⎢ ⎥  tones belonging to one of the G STS signals. With these 
 N K
G
⎡ ⎤ ≥⎢ ⎥⎢ ⎥  tones, we can uniquely determine the corresponding STS signal. We therefore conclude that if 
N K
G
⎡ ⎤ ≥⎢ ⎥⎢ ⎥ , i.e., (9), is satisfied, the G STS signals can be uniquely separated from each other without 
ambiguity. That is, the receiver will not falsely detect any STS signals other than the G STS signals. ? 
For the example in Fig. 4, two ( 2)G =  STS signals of code rate (11, 2) on GF(32), 
 [ ]18 25 7 2 30 21 27 25 23 5 12 T=c  (10) 
and  
 [ ]9 25 18 1113 27 18 3116 31 4 T=d  (11) 
are transmitted, carrying messages [ ]5 1 T=u  and [ ]10 5 T=v , from user 1 and user 2, respectively, 
and received by a receiver (base station). Since the STS tones are not distinctive, a receiver is not able to 
tell which tones belong to which STS signal. For example, in Fig. 4, the receiver cannot tell if tone 18 
belongs to the STS signal c  in (10) or to d  in (11) and likewise for tone 9 on OFDM symbol 1. 
Similarly, the receiver cannot tell if tone 21 belongs to c  or to d  (and likewise for tone 27) on OFDM 
symbol 6. It thus seems that the receiver can arbitrarily interpret the received signals as 
    [ ]9 2725 7 2 30 27 25 23 5 12 T′ =c  (12) 
and 
  [ ]25 18 11 13 18 31 16 31 418 21 T′ =d  (13) 
or any such combinations. However, out of the total 112 2048=  such combinations, Proposition 2 
guarantees that only two are valid STS signals. They are c  in (10) and d  in (11). All others (such as ′c  
and ′d ) are invalid STS signals. Therefore, there is no ambiguity in detecting c  and d at the receiver.  
 It is easy to verify that at least 
11 6
2
⎡ ⎤ =⎢ ⎥⎢ ⎥  out of the 11 tones in any of the 2048 combinations belong to 
either c  or d . According to the maximum distance separable property of the STS signal, two tones 
 ( 2K = ) are sufficient to determine an STS signal. Since 11 6 22
⎡ ⎤ = >⎢ ⎥⎢ ⎥ , none of the 2048 combinations 
except the two corresponding to STS signals c  and d forms a valid STS signal. The 2048 2 2046− =  
combinations are nothing but different combinations of c  and d . They cannot be combinations from any 
other (valid) STS signals. We can therefore come to the following remark as a result from Proposition 2: 
 Remark 1: Assume G ( )KG D≤  distinctive STS signals coded on GF(D) with code rate ( , )N K , 
N K≥ ,  are simultaneously received without tone detection error. Among the NG possible STS tone 
combination sequences, only G are valid STS signals. The rest NG G−  tone sequences are simply 
different combinations from the G valid STS signals. They can neither form any valid STS signals nor be 
combinations of any other (valid) STS signals. 
However, the case of particular interest is 1K = . When 1K = , (9) holds for any value of G  regardless 
the value of N. We therefore have the following important remark: 
Remark 2: Assume G (G D≤ ) distinctive STS signals coded on GF(D) with code rate ( ,1)N , 1N∀ ≥   
are simultaneously received. Under perfect tone detection, all G STS signals can be decoded to the original 
information symbols without ambiguity. 
Users transmitting distinctive STS signals do not cause ambiguity at a receiver. For example, (8, 1) coded 
STS signals in theory can support up to D number of simultaneous STS signal transmissions. That is, up to 
D simultaneously received STS signals can be faithfully recovered at the receiver. This is true whether the 
value of N equals 8 or not1.  
However, as alluded to above, this conclusion is only true under the assumption of ideal tone detection. 
In practical scenarios when STS tone detection is not error-free due to channel fading and noise, the value 
of N does affect the STS signal’s capability of correcting tone detection errors. The relationship between N 
                                                        
1 Note that when N=K=1, the STS signal reduces to the frequency shift keying signal. 
 and the capability of STS tone false detection correction and missed detection recovery is given by (8) in 
Section A. Therefore, as long as the number of errors of STS tone detection are within the capability of the 
coded STS signals governed by the value of N, i.e., 2 1Nε ν+ ≤ − , multi-user ambiguity can be eliminated.  
Remark 3: Assume G ( )G D≤  distinctive STS signals coded on GF(D) with code rate ( ),1 , 1N N∀ ≥  
are simultaneously received. All G STS signals can be decoded to their original information symbols 
without ambiguity as long as the numbers of tone false detection and/or missed detection satisfy 
    2 1Nε ν+ ≤ −  (14) 
where ε  and ν  are the number of false detections and missed detections of STS tones, respectively. 
Another important and challenging issue that cannot be overlooked in over-the-air signaling design for 
femtocell networks is sensitivity to time and frequency synchronization errors. Time and frequency among 
femtocells may not be as perfectly synchronized as in macrocells. Therefore, users who are synchronized to 
their serving base stations may not be synchronized to their neighboring base stations. Since the STS signal 
is meant to be received by multiple neighboring interfering base stations, the STS signal has to be designed 
with time and frequency offset tolerance. The time offset among femtocells is easily absorbed by the cyclic 
prefix of the OFDM symbol [23] and is thereby less of a concern. The design of STS with frequency offset 
immunity is more challenging since the information carried by an STS signal lies in the subcarrier index of 
the STS tones. If not appropriately designed, the STS tones may shift to neighboring subcarriers as a result 
of frequency offset. Again, we rely on a special coding scheme to provide frequency offset immunity.  
Assume that the transmitted STS signal is  
 [ ]1 2 Nc c c=c "  (15) 
From (2), the inverse transform of (15) is given by 
 1 0 0 0
TT T− ⎡ ⎤= ⎣ ⎦Ζ c u "  (16) 
with the first element equal to zero. Therefore, the inverse of a valid code word always has a zero-valued 
 first element by design.  
However, all the tones of the STS signal, transmitted by a user k  and received by a neighbor femtocell 
base station j with frequency offset jkδ  relative to user k , are shifted by the same amount jkδ , i.e., 
 1 2jk jk N jkc c cδ δ δ′ ⎡ ⎤= + + +⎣ ⎦c "  (17) 
The first element of the inverse transform of (17) produces 
 ( )
1 1
1 1N N
n jk n jk jk
n n
c c
N N
δ δ δ
= =
+ = + =∑ ∑  (18) 
which is non-zero (for 0jkδ ≠ ). We therefore have the following remarks: 
Remark 4: An STS signal received with a frequency offset does not correspond to a valid STS signal. 
This property ensures that a receiver with a frequency offset to its transmitter will not erroneously map an 
STS signal to a valid (but wrong) message. 
Remark 5: The value of the first element of the inverse transform of a received STS signal equals the 
frequency offset between the sender and the receiver of the STS signal. 
This property enables the receiver to detect the frequency offset, if any, between the sender and the 
receiver during the decoding process. The frequency-offset STS signal can then be correctly recovered. 
This property is hence particularly beneficial to femtocell networks where base stations deployed in homes 
may not be perfectly frequency synchronized to each other. 
C. Design Example and Performance of STS 
 In this sub-section, we provide a concrete STS design example for use in a femtocell network. We will 
adopt the LTE framework [32] and focus on the downlink in the following discussion. As earlier stated, 
STS is used for IM in femtocell networks. A user who is experiencing severe interference from one or more 
base stations, due to, e.g., entering the coverage of femtocell base stations with restricted access, broadcasts 
the interference coordination request message (ICRM) via STS to all neighboring base stations. The base 
 stations that are able to decode the ICRM (therefore, major interferers) can simply clear the resource (no 
transmission on this resource) based on certain criterion (i.e. ON/OFF power control based on user’s traffic 
data priority) or can coordinate spatial beams according to the received ICRM conveyed through STS. 
ON/OFF power control and spatial beam coordination will be discussed in the subsequent section.  
The information included in the ICRM, in general, can be the assigned radio resource identification by 
the serving base station, and traffic priority indicator, etc. Specifically, the assigned radio resource 
identification (ID) represents the unique resource ,  1r r R≤ ≤ . The number of bits of this ID depends on 
the system bandwidth and the granularity of the resource. For the system with D=512 subcarriers, a 2-bit 
resource ID are typically sufficient to represent four ( 4R = ) unique sub-bands. 
Data traffic priority represents the current traffic priority of the user [33] and should be taken into 
account by IM to guarantee users’ QoS. The traffic priority is a metric that is a function of the type of 
traffic flow (e.g., best effort, delay sensitive QoS flows), packet delay, queue length, current average rate 
and the target rate, etc. We allocate 3 bits from the ICRM to represent eight levels of data traffic priorities.  
In addition, the base station ID can be programmed into the ICRM to identify the STS signals sent from 
users served by different cells. However, base station ID (typically 9 bits) is too long to fit into an ICRM 
payload. A time-varying hash function can then be used to convert the 9-bit ID into a 4-bit time-varying 
identification number. (Note that the ICRMs sent by users within a cell will not collide since their resource 
IDs are guaranteed to be distinctive by the base station scheduler). Therefore, the interference coordination 
request message m in an STS consists of 9 information bits, i.e., 2 bits of assigned radio resource ID, 3 bits 
of traffic priority, and 4 bits of hashed serving base station ID. With 512D =  subcarriers, the 9 bits 
information m can be represented with 1K =  information symbols according to (1) and can be further 
encoded into a codeword with block length N =11 (one LTE sub-frame excluding the first three OFDM 
symbols for control channels). In this setup, ideally, we can see that the inequality (9) holds for any value 
 of G up to the total number of the code words. This means, as long as the numbers of false tone detections 
and missed tone detections satisfy 2 10ε ν+ ≤ , up to 512 coded STS signals can be sent simultaneously 
without interfering with each other or causing ambiguity at the receiver.  
Fig. 5 shows the STS signal erasure and error performance in a multi-user scenario, in which the number 
of simultaneously transmitted STS signals from different users is G=30, total information bits of signaling 
is 9 bits, the number of subcarriers used for STS in an OFDM symbol is 512, code rate of STS is (11,1)  
and the number of receive antennas is 1, 2 or 4. Although in a femtocell network the number of major 
interferers is typical less than 10, we used 30 different STS signals to stress test the STS scheme. 
Performance in AWGN channel is plotted as a reference. SIR is defined as the ratio of received energy per 
sample (i.e., OFDM symbol time-domain sample) to interference (other users’ uplink data) power plus 
noise (thermal noise) variance in time domain. An STS signal erasure is defined as the event in which the 
base station fails to decode the STS signal sent from a user, while an error is an event in which the base 
station decodes the STS signal to a wrong but valid STS signal. An erasure causes the base station to fail to 
respond to the interference coordination request whereas an error causes a base station’s incorrect response 
to the request and may result in waste of resource. In Fig. 5, the error rate is controlled below 1%. It is 
observed that STS can operate at very low SIR under multi-signal (e.g., G=30) simultaneous transmissions. 
Multiple receive antennas help minimize the fading effect due to the spatial diversity resulting in 
performance closer to AWGN channel for the four antenna case. In the low SIR region, the up-fades from 
the frequency selective fading in PedB channel [34] create more opportunities than AWGN channel for the 
STS tones to be detected, causing fewer erasures.  
As earlier stated, since the transmission of coded STS is overlaid on top of other users’ uplink data 
transmissions, the interference caused by the transmission of STS to other users is unavoidable. However, 
since the interference caused by STS is isolated and STS tones are usually much stronger than regular data 
 tones, the STS tones can be easily detected and zeroed out. In addition, isolated erasure/error can be 
effectively removed by the decoder. Minor effect on decoding performance is expected. 
Fig. 6 shows the effect of multiple STS signals transmissions on uplink data decoding performance 
(Packet Error Rate). We can see that the effect on data decoding performance is less than 0.3 dB for 30 
simultaneous STS signals. 
III. DISTRIBUTED DYNAMIC INTER-CELL INTERFERENCE MANAGEMENT  
From the previous section, we can see that the good properties (i.e. no near-far effect, no inter-signal 
interference) and superior performance of the STS signal provide an effective means for applying different 
kinds of IM schemes. In this section, we propose two STS-based IM schemes, i.e., an ON/OFF power 
control scheme and a user-traffic-prioritized SLNR-based transmitter beam coordination scheme for IM in 
femtocell networks. 
A. System Model 
For the sake of notational convenience in the following discussion, users within the same femtocell will 
not use the same resource, but users in different femtocells may use the same resource. Thus on resource 
( ) 1r r R≤ ≤ , the femtocell base station and the user have a one to one relationship, i.e., on resource r, user 
k is served by base station k, where R is the total number of resources. Restricted access is assumed. Base 
station i is equipped with iN  transmit antennas and each user has one receive antenna. Let 
1 jNr
ij
×∈h ^  
denote the channel between base station j and user i on resource r, whose element, ( )rij mh , 1 jm N≤ ≤ ,  
represents the channel gain between the mth antenna of base station j and the antenna of user i on resource r, 
and is modeled as independent and identically distributed complex Gaussian variable with zero mean and 
unit variance. 
We adopt the LTE TDD framework and focus on the downlink IM scenario in the following discussion. 
 The proposed IM approaches are illustrated in Fig. 7. There are four users competing for the same 
downlink resource (Fig. 7 (a)). Each user broadcasts ICRM via STS (Fig. 7 (b)) requesting for coordination 
from neighboring interfering base stations. The base stations that have received ICRM(s) can simply clear 
the resource (no transmission on the requested resource) according to certain criterion, e.g., the user traffic 
priority, as in the ON/OFF power control scheme; or coordinate transmit beam, as shown in Fig. 7 (c), as in 
the SLNR-based transmitter beam coordination scheme. Note that user 1 can not receive service from base 
station 4 due the restricted access although user 1 is closer to base station 4. In this case, it is clear that the 
coordination signals from other users would have been blocked by user 4 at base station 4 due to the 
near-far effect if other signaling schemes (e.g., CDMA) were used. 
B. STS-based ON/OFF Power Control 
 ON/OFF power control is the simplest way for managing interference using STS. Suppose that a base 
station k, which receives ( )0r rk kU U ≥  ICRMs from rkU users served by neighboring base stations and its 
own user requesting for resource ( ) 1r r R≤ ≤ , it compares the traffic priority rkp  of its served user with 
the priorities { | ,1r ri kp i k i U≠ ≤ ≤ } of the competitors included in the rkU  received ICRMs. If 
{ }
,1
max
r
k
r r
k i
i k i U
p p
≠ ≤ ≤
< , i.e., the served user traffic priority of the current base station is lower than its 
competitors, the base station simply gives up the use of resource r for the next given F (e.g., 1) subframe(s). 
If, on the other hand, { }
,1
max
r
k
r r
k i
i k i U
p p
≠ ≤ ≤
> , the base station ignores the ICRM requests and goes ahead using 
resource r for the next F subframes for its own user traffic. For the tied priority case, the base station 
simply “tosses a coin” to break the tie. This mechanism can protect bursty application users in poor channel 
condition from being jammed by neighboring base stations serving users with lower traffic priorities. From 
Fig. 8, we can see that the performance of the users under poor channel condition (experiencing severe 
interference from neighboring cells) has been significantly improved by ON/OFF power control compared 
to the case where no ICRM is applied. 
 
C. STS-based Transmitter Beam Coordination  
In the previous subsection, the proposed ON/OFF power control scheme improves the performance of the 
users in poor channel conditions and thus improves the fairness of the system. However, this improvement 
comes at the expense of other users’ bandwidth. In this subsection, we consider the potential application of 
the SLNR scheme [35] for transmitter beam coordination among competing femtocell base stations. The 
transmitter beam coordination proposed in this subsection is a more efficient way for IM by taking full 
advantage of the STS/ICRM from competing users. In particular, the SLNR-based precoding can be readily 
used for transmit beam coordination since the channel information needed for SLNR-based precoding can 
be easily obtained from the STS signals.   
Assume that the data symbol to be transmitted on downlink resource r from base station k to user k is sk , 
and satisfies the power constraint 2( s ) 1k =E . Before being transmitted, the data symbol sk  is 
pre-multiplied by a precoding/beamforming vector 1kNrk
×∈v ^  ( 2 1rk =v ).  The total received signal at 
user k can be written as 
1
1,
s
s s
r
k
r
k
U
r r r r
k ki i i k
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U
r r r r r
kk k k ki i i k
i i k
y n
n
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= ≠
= +
= + +
∑
∑
h v
h v h v
                            (19) 
where rkU  is the number of users (including user k) whose ICRMs requesting for resource r are 
successfully received by base station k, and rkn  is the receiver thermal noise plus other downlink data 
transmissions on resource r that are not included in rkU  and is modeled as additive complex white 
Gaussian noise with zero mean and variance 2kσ . 
The original SLNR in [35] is defined as the ratio of the power of the desired transmit signal (to the 
transmitter’s target receiver) to the power of the leakage signal (interference to other users, i.e., the victims) 
plus noise, the SLNR for user k competing for resource r can be written as: 
 2
22
1,
( ) r
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r r
kk kr r
k k U
r r
k ik k
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h v
v
h v
.                              (20) 
Note that , 1 ,r rik ki k U≤ ≤h  is the downlink channel from base station k to user i on resource r. The 
optimal beam rkv  to user k at base station k is the maximizer of (20). SLNR clearly makes better sense 
than the conventional beamforming that only optimizes the SNR (signal to noise ratio) at user k, i.e., 
2
2( )
r r
kk kr r
k k
k
SNR σ=
h v
v , which does not take interference to other users into consideration (no coordination). 
However, the challenge of applying SLNR to inter-cell interference management is that it requires the 
interference/leakage channel knowledge, , 1 ,r rik ki U i k≤ ≤ ≠h , which is the channel from the kth femtocell 
to user i served by a different cell i ( )i k≠ . This knowledge is thus typically not available.  
Due to the reciprocity property of the channel, T( ) ,r rik ki=h g  1 , ki k U≤ ≤ , where rkig  is the uplink 
channel on resource r from user i to base station k, whose nth element ( ),  1rki kn n N≤ ≤g  is the uplink 
channel gain on resource r from the antenna of user i to antenna n of base station k. With the STS scheme, 
the uplink channel from user i to base station k , rkig , can be estimated at base station k using the STS tones 
transmitted by user i as the reference signals/pilots [36][37]. The optimal beamformer targeted to user k can 
then be calculated by maximizing (20). 
 However, the original SLNR objective function (20) does not reflect the user traffic priorities. In fact user 
traffic is treated equally. QoS is thus hard to be finely controlled. In order to take individual user traffic 
priority into consideration during the beam coordination process, we propose a user-traffic-prioritized 
SLNR algorithm based on STS and the ICRM carried by STS for transmitter beam control. Specifically, we 
incorporate the data traffic priority available from the ICRM into the SLNR objective function, that is, 
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where rip  corresponds to the traffic priority for user i (served by base station i) who is competing for 
resource r. It is clear that (21) provides a transmit beam coordination metric with an additional mechanism 
for fine tuning the traffic QoS. The traffic-prioritized SLNR precoder can thus be obtained by maximizing 
(21). Using the Rayleigh-Ritz quotient and dropping the resource index r (for notational simplicity) yields: 
( )( ) 1H2 Hmax eigenvectork k k k k k kk kkσ −∗ ⎛ ⎞∝ +⎜ ⎟⎝ ⎠v I P H P H h h ,                (22) 
where 
T
1 2 ( 1) ( 1)... ...
k
k k k k k k k U k− +
⎡ ⎤= ⎣ ⎦H h h h h h                   (23) 
is the leakage channel corresponding to user k (served by base station k), which can be estimated from the 
corresponding STS signals transmitted from the users of neighboring cells { },  i i k≠  (i.e., victims of base 
station/user k) received at base station k, and  
( )1 2 1 1... ...
k
k k k U
diag p p p p p− +=P                               (24) 
is the victim traffic priority matrix for user k. 
Fig. 9 shows the performance of the proposed STS based beam coordination schemes versus that without 
ICRM as well as the conventional ideal beamforming scheme (no coordination). Like the ON/OFF power 
control scheme, the proposed beam coordination schemes significantly improve the performance of the 
users with poor channel condition (experiencing severe interference from neighboring cells), however, 
without costing the good (channel condition) user’s performance. In addition, the traffic-prioritized SLNR 
beam coordination allows for further fine-tuning of the poor channel condition users’ performance in 
accordance to the users’ current traffic priorities.  
 IV. CONCLUSIONS 
 In this paper, the problem of inter-cell interference management (IM) for interference-dominated 
femtocell networks is studied. Two fast IM techniques using over-the-air signaling are proposed. The 
enabler of these techniques is the use of a special signal, i.e., the single-tone signal. The proposed 
single-tone signaling (STS) scheme has many most desirable properties. First, the STS scheme does not 
require dedicated resource, i.e., STS overlays on top of the other users’ uplink data transmissions and 
thereby does not incur system overhead. The STS does however cause interference to other users’ uplink 
data transmissions. However, since, unlike the conventional CDMA signals whose energy is spread over a 
contiguous bandwidth, STS energy is concentrated only on one subcarrier per OFDM symbol, the effect on 
the other users’ uplink data decoding is minor. In fact since STS tones are easy to be detected, the effect 
can be further minimized by removing (zeroing-out) the subcarrier where a strong STS tone is detected. 
Second, the STS tones from different STS signals are indistinctive, therefore, have no near-far effect. That 
is, users transmitting STS in the neighboring cells will not be blocked by the local cell users who are 
broadcasting their own STS signals, thereby significantly increasing the hearability of the STS signals. The 
indistinctive property of the STS tones therefore prevents interference among users, however, it results in 
ambiguity of STS signals among users at the receiver. This ambiguity is resolved by encoding (non-binary) 
the STS tone positions using Galois field transform. Third, the STS signal is a single tone waveform with 
low PAPR, which is especially beneficial for coverage extension and mobile device power amplifiers. 
Finally, STS is robust to synchronization errors that are crucial to inter-cell communications. Based on the 
STS scheme, the ON/OFF power control and the SLNR-based transmitter beam coordination schemes are 
proposed. The ON/OFF power control scheme utilizes interferees’ traffic priority information conveyed by 
STS for IM. Whereas the SLNR-based scheme uses the interference channel information provided by the 
STS for beam coordination among different cells. In addition, the user-traffic-prioritized SLNR-based 
 beam coordination scheme provides QoS as well as fairness without the necessity for a centralized 
scheduler, thus it’s a distributed scheme. The proposed IM schemes provide an effective means for fast 
rescuing users who are experiencing severe interference from neighboring femtocells due to, e.g., restricted 
access. 
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Fig. 1. Illustration of an STS signal, where information symbol of the STS signal, ,1ku k K≤ ≤ , is the 
index of the energized subcarrier (i.e. the index of STS signal tone). Only the subcarriers used for STS 
signal transmission are drawn and numbered from 0 to 1D − . 
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Fig. 2. Illustration of two STS signals from two users seen at a receiver (a base station). The tones 
themselves are not modulated. They are hence not distinctive between STS signals sent from different users 
although the tones are colored differently in the diagram for illustration purpose. The index for the STS 
signal from user 2, kv (1 k K≤ ≤ ), is not shown. 
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Fig. 3. Illustration of two coded STS signals from two users seen at a receiver (a base station) where the 
code symbol of an STS signal, ,1nc n N≤ ≤ , is the index of the STS signal tone. The index for the STS 
signal from user 2, ,1nd n N≤ ≤ , is not shown. Note the STS tones are not distinguishable between STS 
signals, although they are marked with different colors for illustration purpose. 
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Fig. 4. An example of detecting two STS signals with code rate (11, 2) on GF(32). 
 
 
 
 
 
  
 
Fig. 5. The STS signal erasure and error performance in a multi-signal scenario (30 STS signals; total 
information bits of signaling is 9 bits; the number of subcarriers used for STS in an OFDM symbol = 512, 
code rate of STS = ( )11,1 , fading speed = 3 km/h at 2 GHz carrier frequency; number of receive antennas 
=1, 2 or 4). 
 
 
 
  
Fig. 6. Effect of multiple STS signals transmissions on uplink data decoding performance (Packet Error 
Rate). The number of STS signals is 30. SNR is defined as the receive tone SNR of uplink data per antenna; 
Uplink data modulation is 16QAM, and bandwidth is 512 subcarriers at a carrier frequency of 2 GHz. 
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Fig. 7. Illustration of the proposed interference management (IM) schemes. Restricted access is assumed. (a) 
Downlink traffic interference; (b) STS transmission on uplink; (c) Transmitter beam coordination. 
  
 
 
 
 
Fig. 8. Performance of STS-based ON/OFF power control, where users are repeatedly and randomly 
dropped in a 5×5 femtocell cluster model [38]. The disadvantageous users receive interference relief (as the 
arrow indicates) by broadcasting ICRM through STS. 
 
 
 
 
 
  
Fig. 9. Performance of the proposed STS-based beam coordination schemes. A 5×5 femtocell cluster 
model [38] was used. The performance without ICRM and with conventional ideal beamforming (no 
coordination) are plotted as performance benchmarks. The number of antennas at a base station is 2. 
Simulation parameters are summarized in Table. 1. 
 
Table. 1. Simulation parameters. 
Deployment ratio 0.5 Base station receiver noise figure (dB) 6  
Carrier frequency (GHz) 2  User transmit power (dBm) 23  
Base station number of antennas 2 User receiver noise figure (dB) 10  
Base station transmit power (dBm) 23  Number of antennas per user 1 
Noise PSD (dBm/Hz) -174  Number of subcarriers 512 
Base station noise figure (dB) 6 Number of bits in STS signal 9 
Fading speed (kmph) 3  STS code rate (11,1) 
 
